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Abstract

variations in temperature and ambient index.

Transmission characteristics of periodically surface-corrugated long-period gratings (LPGs) inscribed on photonic
crystal fibers (PCFs) using a wet-etching technique were experimentally investigated. A conventional wet method
was implemented to periodically engrave the silica cladding region of the PCFs resulting in the periodic surface
corrugation in the PCF. After applying the external strain to the PCF with the periodic surface micro-ridges, periodic
modulation of refractive index based on the photoelastic effect is induced resulting in the formation of the PCF-based
LPG. Increasing the applied strain successfully improves the extinction ratio of the resonant peak of the PCF-based LPG
without the resonant wavelength shift. We also measured the transmission characteristics of the PCF-based LPG with
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Background

Long-period fiber gratings (LPGs) have been of interest
to optical communication systems and optical sensors
because of their various advantages, such as wavelength-
selective nature, mass production, compatibility, easy
installation, and electromagnetic immunity [1]. The
LPGs based on the periodic modulation of the refractive
index in the core region of the conventional single-mode
fiber (SMF) can couple the fundamental core mode to
cladding modes [1, 2]. Since the cladding modes is read-
ily affected by external perturbation change, like strain,
temperature, bending, and ambient index, the LPG has
usually been exploited to realize highly sensitive fiber-
optic sensors. With a conventional SMF with the
germanium-doped core, essentially, periodic exposures
of the SMF to UV laser is capable of inducing refractive
index change in the core resulting in the formation of
LPGs [1]. However, the photo-induced refractive index
change is not usually applicable to fabricate the LPG if
optical fibers like silica fibers or photonic crystal fibers
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(PCFs) have no photosensitivity. The PCF typically has
the periodic structure of axially aligned air holes in the
silica cladding along the entire fiber length [3]. The PCF
has many advantages, such as the endless flexibility in
design and fabrication, low nonlinearities, and so on [3].
Since the PCF is typically composed of pure silica and
air holes along the fiber length, it is impossible to induce
the UV-induced photo-refractive index change. To fabri-
cate LPGs using PCFs, structural deformation technique
with CO, laser has been exploited [4—6]. The femtosec-
ond laser-induced LPG after filling cladding holes in the
PCF was also reported [7]. One of the drawbacks in the
previous methods, however, was asymmetrical or one-
side deformation of the surface of the PCF. To fabricate
LPGs with symmetric deformation, a mirror-assisted
symmetric exposure technique with CO, laser was
proposed [8]. In this paper, we investigate on the trans-
mission characteristics of the LPG based on the PCF.
The azimuthally symmetric and periodic micro-ridges
on the surface of the silica cladding in the PCF are
successfully produced by using a wet-etching technique.
Transmission characteristics of the periodically surface-
corrugated LPGs inscribed on the PCF are observed.
The applied strain effectively changes the transmission
characteristics of the proposed PCF-based LPGs because
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of photoelastic effect. Increasing temperature makes the
extinction ratio of the proposed PCF-based LPG dimin-
ished because of the reduction of photoelastic effect. We
also measure the transmission characteristics of the pro-
posed PCF-based LPG with variations in ambient index.

Experiments and Discussion

Figure 1 shows the fabrication process of the PCF-based
LPG by using a wet-etching method [9, 10]. In the pro-
posed technique, we exploited the UV polymer to induce
the azimuthally symmetric and periodic micro-ridges on
the surface of the PCF. The UV polymer with a thickness
of 120 um was coated on the silicon substrate by using a
spin coater. We put the PCF on the silicon substrate with
the UV polymer and covered it by using the same UV
polymer with the same thickness. During the pre-baking
process in the hot plate at a temperature of 115 °C, the
undesirable solvent in the UV polymer was vaporized. We
prepared the sample based on the PCF that was entirely
surrounded by the UV polymer as seen in Fig. 1. Then, we
periodically exposed the sample to the UV lamp by using
an amplitude mask with a grating period of 600 mm and a
total length of 2 cm. The post-baking procedure was add-
itionally required to completely eliminate the remaining
solvent in the UV polymer in the sample. The polymer re-
gions irradiated by the UV lamp in the sample were re-
moved by using a developer resulting to the periodic and
symmetric pattern of the polymer on the surface of the
PCFE. Then, the sample was soaked in hydrofluoric acid
(HF) solution. The UV-polymer-patterned silica cladding
regions of the PCF protected penetration of HF solution.
Contrarily, the silica cladding sections of the PCF without
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the polymer coating were gradually engraved by HF solu-
tion. We disposed of the remained periodic polymer by
using the acetate solution. Consequently, we successfully
realized the PCF-based LPG with azimuthally symmetric
and periodic micro-ridges on the surface of the PCF as
seen in Fig. 1.

Figure 2a shows the schematic structure of the proposed
PCF-based LPG. Figure 2b exhibits the photography of
the surface of the fabricated LPG inscribed on the PCF
measured by using an optical microscope. The azimuthally
symmetric and periodic deformation in the PCF was evi-
dently observed. The diameter of the PCF with and with-
out corrosion was reduced and measured to be ~62.6 and
96.2 pm, respectively. The grating period was measured to
be ~600 pum, which was consistent with that of the ampli-
tude mask. The hexagonal array structure of air holes in
the PCF should be maintained incipiently in the etched
and the unetched regions as seen in Fig. 2b.

By considering periodic micro-ridges in the PCE, the
cross-sections between the etched and the unetched
cladding regions were apparently different because of
the different amount of the remained silica cladding
areas in the PCF. It means that the applied strain is cap-
able of inducing different effective index change based
on the photoelastic effect in the etched and the unetched
regions with different diameters [9, 10]. Since the PCF in
the experiment has the azimuthally symmetric and peri-
odic micro-ridges, the periodic index modulation based
on the photoelastic effect along the PCF length must be
created by strain, which results in the formation of the
PCF-based LPG. Consequently, mode coupling between
the core and the cladding modes in the proposed PCEF-
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Fig. 2 a Structure of the proposed PCF-based LPG. b Photograph of the fabricated PCF-based LPG measured by using an optical microscope
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based LPG successfully produces the harmonic resonant
peaks in the transmission spectrum. The transmission (7)
of the PCF-based LPG is critically changed by the applied
strain, which can be theoretically described as [9, 10]

2
T= cos? (Flpcf) = cos? {oe <:u62 —1> Slpcf:| ,

e

(1)

where ¥ is the average coupling coefficient. /pcr is the
total length of the PCF-based LPG. o, is the photoelastic
coefficient. r, and r,. are the radii of the etched and the
unetched cladding regions in the PCE, respectively. ¢ is
the applied strain. The proposed PCF-based LPG with
the periodic structure of the surface corrugations has
the particular index change based on photoelastic effect
and intrinsically structural index change [9, 10]. Since
the micro-ridges are periodically patterned in the silica
of the PCEF, the averaged effective refractive index of the
cladding mode will play important role in the mode
coupling between the core and the cladding modes and
the variation of the periodic structural index of the core
mode can be negligible [9, 10]. The resonant wavelength
(Ap) of the proposed PCF-based LPG with periodic
micro-ridges can be written as [9, 10]

A(”co _ﬁcl)
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(2)
where A is the grating period. n. is the effective
refractive index of the core mode. 7; is the averaged ef-
fective index of the cladding mode. k¥, and «,, are the

self-coupling coefficients of the average cladding mode
and the core mode, respectively.

Figure 3 shows the experimental scheme for measure-
ment of the transmission characteristics of the PCF-
based LPG with periodic surface corrugations. The
photograph for the experimental setup was shown in the
inset. The measurement setup is composed of a broad-
band light source, linear translation and rotation stages,
and an optical spectrum analyzer. Both ends of the PCF-
LPG were positioned at two rotation stages on two lin-
ear translation stages. A distance between two stages
was 30 cm. Strain was applied to the PCF-based LPG by
moving the two linear translation stage outwards.

Figure 4a depicts the transmission spectra of the pro-
posed PCF-based LPG with periodic micro-corrugations
as the applied strain changes. When we applied strain to
the proposed PCF-based LPG, the resonant peak result-
ing from the mode coupling between core and cladding
modes based on the photoelastic effect was induced in
the transmission spectrum. Increasing the applied strain
makes the extinction ratio strong because of the im-
provement of the mode coupling based on the photoe-
lastic effect [9, 10]. In Fig. 4b, the variation of extinction
ratio was measured to be -6.89 when the applied strain
was 800 pe. However, the resonant wavelength was not
severely shifted by the applied stain. Since the variations
of the effective refractive indices based on the photoelas-
tic effect in the core and the cladding regions are
approximately the same, two self-coupling strengths in
the core and the cladding modes are also equal [9, 10].
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Fig. 3 Experimental setup for measurement of the transmission characteristics of the PCF-based LPG with periodic surface corrugations
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Therefore, the resonant wavelength of the PCF-based
LPG was not critically changed by the applied strain.
Figure 5a exhibits the transmission spectra of the pro-
posed PCF-based LPG with variations in temperature.
The conventional LPG inscribed on the SMF has strong
temperature dependence and the resonant wavelength
must be shifted depending on the doping materials like
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Fig. 4 a Transmission spectra of the proposed PCF-based LPG with
variations in strain. b Variation of extinction ratio as a function of strain

germanium and boron in the core region [11, 12]. The
resonant wavelength of the proposed PCF-based LPG
with periodic micro-ridges, however, was not changed by
temperature because the PCF was composed of a single
material like silica only. As seen in Fig. 5b, the extinction
ratio was reduced by temperature because the photoelas-
tic effect was diminished by increasing temperature.
Figure 5c shows theoretical and experimental results on
the variation of extinction ratio of the proposed PCF-
based LPG as a function of temperature. By considering
Eq. (2) and thermos-optic coefficient of silica (0.55 x 107°)
[13], the variation of extinction ratio of the PCF-based
LPG was theoretically analyzed. Extinction ratio of the
PCF-based LPG was gradually decreased by temperature,
which was measured to be —4.5 x 107> dB/°C. As seen in
Fig. 5¢c, the theoretical result is in good agreement with
the experimental one.

Figure 6 shows the resonant wavelength shift of the
PCF-based LPG as a function of ambient index. Increas-
ing ambient index makes the resonant wavelength shift
to longer wavelengths. Since the dispersion of the core
mode in the PCF is higher than that of the cladding
mode, ambient index affects the variation of the effective
refractive index of the core mode more than that of the
cladding mode [14]. Therefore, the resonant wavelength
of the PCF-based LPG with periodic micro-ridges is
shifted to longer wavelengths with variations in ambient
index as seen in Fig. 6. The ambient index sensitivity of
the proposed PCF-based LPG with periodic micro-ridges
was measured to be ~108.9 nm/RIU.

Conclusion

We fabricated the LPG based on the PCF by periodically
etching the silica cladding in the PCF with a wet-etching
technique. The azimuthally symmetric and periodic
micro-corrugations were successfully patterned on the
surface of the silica cladding of the PCF. The applied
strain effectively induces the mode coupling between the
core and the cladding modes based on the photoelastic
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Fig. 5 a Transmission spectra with variations in temperature. b Variation of extinction ratio as a function of temperature

effect, which results in the resonant peak in the trans-
mission spectrum. Increasing strain makes the transmis-
sion peak depth of the PCF-based LPG with periodic
micro-ridges strong because of the photoelastic effect.
Since the photoelastic effect is reduced by temperature,
the extinction ratio of the proposed PCF-based LPG was
reduced by increasing temperature. The temperature
sensitivity of the transmission was measured to be
-4.5x107% dB/°C. We also measured the transmission
characteristics of the proposed PCF-based LPG with var-
iations in ambient index. In the PCF, the dispersion of
the core mode is higher than that of the cladding mode.
Since ambient index affects the variation of the effective
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Fig. 6 Resonant wavelength shift as a function of ambient index

refractive index of the core mode more than that of the
cladding mode, increasing ambient index makes the
resonant wavelength of the proposed PCF-based LPG
shift to longer wavelengths. The ambient index sensitiv-
ity was measured to be ~108.9 nm/RIU. We believe that
the experimental results are very useful for many appli-
cations to optical communications, fiber-optic sensors,
instrument measurement, etc.

Acknowledgements

This work was supported by the Basic Science Research Program through
the National Research Foundation of Korea, funded by the Ministry of
Education, Science and Technology (NRF-2015R1D1ATA09060875).

Received: 17 January 2017 Accepted: 28 February 2017
Published online: 04 April 2017

References

1. Vengsarkar AM, Lemaire PJ, Judkins JB, Bhatia V, Erdogan T, Sipe JE (1996) Long-
period fiber gratings as band-rejection filters. J Lightwave Technol 14:58-65

2. Patrick HJ, Williams GM, Kersey AD, Pedrazzani JR, Vengsarkar AM (1996)
Hybrid fiber Bragg grating/long period fiber grating sensor for strain/
temperature discrimination. IEEE Photon Technol Lett 8:1223-1225

3. Knight JC (2003) Photonic crystal fibers. Nature 424:847-851

4. Rindorf L, Jensen JB, Dufva M, Pedersen LH, Hoiby PE, Bang O (2006)
Photonic crystal fiber long-period gratings for biochemical sensing. Opt
Express 14:8224-8231

5. JinL Jin W, Ju J (2009) Directional bend sensing with a CO,-laser-inscribed
long period grating in a photonic crystal fiber. J Lightwave Technol 27:
4884-4891

6. He Z Tian F, Zhu Y, Lavlinskaia N, Du H (2011) Long-period gratings in
photonic crystal fiber as an optofluidic label-free biosensor. Biosensors and
Bioelectronics 26:4774-4778

7. LiuS, Luo M, Ji Q (2014) Sensing characteristics of femtosecond laser-
induced long period gratings by filling cladding holes in photonic crystal
fiber. J Lightwave Technol 32:2287-2292



Han Nanoscale Research Letters (2017) 12:245

Tian F, Kanka J, Zou B, Chiang KS, Du H (2013) Long-period gratings
inscribed in photonic crystal fiber by symmetric CO, laser irradiation.

Opt Express 21:13208-13218

Lin CY, Wang LA (2001) Corrugated long-period fiber gratings as strain,
torsion, and bending sensor. J Lightwave Technol 19:1159-1168

Kwon OJ, Shin M, Han YG (2014) Fabrication of microridge long-period
gratings inscribed on polarization-maintaining fibers. Nanoscale Res Lett
9:39-43

Lee MH, Jo JY, Kim DW, Kim Y, Kim KH (2016) Comparative study of uniform
and nonuniform grating couplers for optimized fiber coupling to silicon
waveguides. J Opt Soc Korea 20:291-299

Han YG, Lee SB, Kim CS, Jin U, Kang U, Paek C, Chung Y (2003)
Simultaneous measurement of temperature and strain using dual long-
period fiber gratings with controlled temperature and strain sensitivity.
Opt Express 11:476-481

Yoon MS, Kang CJ, Han YG (2015) Effect of a waist diameter of a
microtapered polarization-maintaining fiber on temperature and ambient
index sensitivities. J Lightwave Technol 33:2585-2590

Zhu Y, He Z, Du H (2008) Detection of external refractive index change with
high sensitivity using long-period gratings in photonic crystal fiber. Sensor
Actuator B 131:265-269

Page 6 of 6

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Background
	Experiments and Discussion
	Conclusion
	Acknowledgements
	References

